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Description 

/Laser Wavelength Con version Apparatus 

Technical Field 

This invention relates to a laser wavelength 
conversion apparatus designed to be able to perform 
m wavelength conversion with high efficiency even when 

Rl 



the repetition frequency of laser light is varied 
dynamically . 

Background of the Invention 

It has been common practice to perform 
wavelength conversion of the wavelength of laser light 
emitted from a laser oscillator, thereby obtaining 
laser light with a short wavelength. In performing 
exposure for production of a high density LSI, for 
example, ultraviolet laser light is required. Thus, 
it has been done to convert infrared laser with a long 
wavelength, which has been generated by a solid state 
laser oscillator, into laser light with a short 
wavelength by a laser wavelength conversion apparatus, 
thereby obtaining ultraviolet laser light. 

A laser wavelength conversion- apparatus has a 
nonlinear optical crystal device, a wavelength 
conversion element. When laser light is incident on 
the entrance end surface of the nonlinear optical 
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crystal device, laser light with a wavelength 
shortened as a result of wavelength conversion- is 
delivered from the exit end surface of the nonlinear 
optical crystal device. KTP (KTiOP0 4 ), LBO (LiB 3 0), 

BBO (p-BaB 2 0 6 ) , and CLBO (CsLiB 6 O 10 ) are known as such 
a nonlinear optical crystal device. 

The above-mentioned nonlinear optical crystal 
device is cut so as to fulfill the conditions for phase 
matching at a. preset temperature. Making the set 
temperature several tens of degrees higher than room 
temperature brings the benefit that influence by 
fluctuations in room temperature can be minimized. 
Depending on the type of the device, darkening of the 
crystal device many minimally occur at high 
temperatures. For example, it has been recommended to 
set the temperature at 80°C for KTP (KTiOP0 4 ) , LBO 

(LiB 3 0) , and BBO (|3-BaB 2 0 6 ) , and at 150°C for CLBO 

(CsLiB 6 O 10 ) . 

A conventional laser wavelength conversion 
apparatus 1 will be described with reference to FIG. 
9, a front view. A nonlinear optical crystal device 
(a wavelength conversion element) 2 is fixed to a 
holder 3, and a heater 4 is disposed below the nonlinear 
optical crystal device 2 and in the interior of a lower 
portion of the holder 3. A thermocouple 5 is installed 
between the heater 4 and the nonlinear optical crystal 
device 2. The outer periphery of the holder 3 and the 



heater 4 is surrounded with a heat insulator 6. 

In FIG. 9, laser light advances along a 
direction perpendicular to the sheet surface, enters 
the entrance end surface of the nonlinear optical 
crystal device 2 (i.e., the face side of the sheet 
surface of FIG. 9), and passes through the interior 
of the nonlinear optical crystal device 2. During this 
passage, the laser light undergoes wavelength 
conversion, and exits from the exit end. surf ace (the 
surface located at the farthest position on the back 
side of the sheet surface) . 

A heater controller 10 regulates heat 
generation of the heater 4 by turning on and off an 
electric current fed to the heater 4, and a detection 
signal on a temperature detected by the thermocouple. 
5 is transmitted to the heater controller 10. 

With the above-described conventional laser 
wavelength conversion apparatus 1, the heater 4 
generates heat based on control by the heater 
controller 10 to heat the nonlinear optical crystal 
device 2 and the holder 3 and raise their temperatures. 
When their heating and temperature raising are 
complete, they are thermally insulated and kept warm 
by the heat insulator 6. Thus, heat dissipation to the 
outside is suppressed, and the temperature of the 
nonlinear optical crystal device 2 becomes stable. A 
solid state relay is incorporated in the heater 



controller 10, and this solid state relay is on-off 
controlled so that the value of the temperature 
detection signal (i.e., temperature) from the 
thermocouple 5 reaches the set temperature. 

Conventionally, only cases in which laser light 
of a constant repetition frequency is continuously 
incident have been defined. Thus, the amount of heat 
input in accordance with the absorption of some of 
laser light to the nonlinear optical crystal device 
2 during laser light entry was constant. Therefore, 
the temperature of the nonlinear optical crystal 
device 2 was stabilized merely by on-off control of 
the solid state relay. That is, the temperature of the 
nonlinear optical crystal device 2 could be maintained 
at such a temperature as to maximize the conversion 
efficiency, or at a temperature in the vicinity of this 
temperature . 

Recently, however, the necessity has arisen for 
performing an operation for dynamically varying the 
repetition frequency of incident laser light at the 
user's request. When the repetition frequency of 
laser light is varied dynamically, the amount of heat 
input associated with the absorption of laser light 
to the nonlinear optical crystal device 2 increases 
or decreases in accordance with the variation of the 
repetition frequency . 

In increasing the repetition frequency of laser 



light, in particular, the amount of heat input to the 
nonlinear optical crystal device 2 increases, thus 
arousing the need to cool the nonlinear optical crystal 
device 2 . Simply stopping the heating of the heater 
4, however, still posed difficulty in promptly cooling 
the nonlinear optical crystal device 2 to a temperature 
range in which the conversion efficiency is 
satisfactory, because the heat insulator 6 is present 
around the nonlinear optical crystal device 2. In 
other words, the outcome was. poor temperature 
stability . 

The present invention has been accomplished in 
view of the foregoing conventional technologies. The 
object of the invention is to provide a laser 
wavelength conversion apparatus which can maintain the 
temperature of a nonlinear optical crystal device 
stably in a temperature range in which the conversion 
efficiency is satisfactory, even when the repetition 
frequency of laser light is varied dynamically. 

Disclosure of the Invention- 

The present invention is configured to have a 
wavelength conversion element for performing 
wavelength conversion of laser light entered from an 
entrance end surface and delivering laser light of a 
shortened wavelength from an exit end surface; a heat 
sink surrounding the peripheral surface of the 



wavelength conversion element and having cooling fins; 
a heater for uniform heating disposed in the heat sink 
in such a state as to surround the periphery of the 
wavelength conversion element; a temperature sensor 
for measuring the temperature of the wavelength 
conversion element; and a heater controller for 
controlling an electric current supplied to the heater 
for uniform heating so that the temperature detected 
by the temperature sensor becomes a preset 
temperature . 

Because of this configuration, when the 
repetition frequency of laser light is high, heating 
by the heater for uniform heating is stopped, whereby 
satisfactory cooling is performed by the heat sink 
having the cooling fins. As a result, the temperature 
of the wavelength conver s ion element can be brought 
to the set temperature at which the conversion 
efficiency is satisfactory. When the repetition 
frequency of laser light is low, on the other hand, 
heating by the heater for uniform heating is carried 
out, whereby the temperature of the wavelength 
conversion element can be brought to the set 
temperature at which the conversion efficiency is 
satisfactory. Consequently, always satisfactory 
wavelength conversion can be achieved, even when the 
frequency of incident laser light is varied 
dynamically . 



The present invention is also configured such 
that of the cooling fins of the heat sink, the cooling 
fins located on side surfaces are arranged in such a 
state as to extend in a vertical direction. 

Thus, air heated by the cooling fins .ascend 
naturally as an ascending air stream, thus increasing 
the cooling efficiency. 

Moreover, the upper and lower fins and the fins 
on the side surfaces are perpendicular. Thus, there 
is no inflow of a heat release air stream between these 
fins, so that cooling by the respective fins takes 
place effectively . 

The present invention is also configured such 
that the heater for uniform heating is a plurality of 
rod-shaped heaters arranged in the heat sink at equal 
intervals in such a state as to surround the periphery 
of the wavelength conversion element and in such a 
state as to extend in the direction of an optical axis. 

The present invention is also configured such 
that the heater for uniform heating is a film-shaped 
heater disposed in such a state as to surround the outer 
peripheral surface of the heat sink. 

Thus, the wavelength conversion element can be 
heated uniformly, so that satisfactory wavelength 
conversion can be ensured. 

In the present invention, heaters for 
temperature gradient correction are placed on the 



entrance side end surface and the exit side end surface 
of the heat sink, and the heater controller exercises 
temperature control such that the amount of heat 
generation from the heater for temperature gradient 
correction on the entrance end surface side is larger 
than the amount of heat generation from the heater for 
temperature gradient correction on the exit end 
surface side. 

Thus, the temperature gradient in the direction 
of the optical axis can be eliminated, and the 
efficiency of wavelength conversion can be further 
improved . 

The present invention is also configured such 
that a loop gas pipe for blowing a cooling gas uniformly 
from surroundings toward the exit end surface of the 
wavelength conversion element is disposed on the exit 
end surface side of the heat sink. 

Thus, the temperature gradient in the direction 
of the optical axis can be eliminated, and the 
efficiency of wavelength conversion can be further 
improved . 

The present invention is also configured such 
that the wavelength conversion element is divided 
along the direction of the optical axis, and an 
anti-reflection coating or optical polishing is 
applied to the end surfaces of the resulting divisional 
wavelength conversion elements. 
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Thus, the loss can be decreased. 



Brief Description of the Drawings 

FIG. 1 is a front view showing a laser wavelength 
conversion apparatus according to a first embodiment 
of the present invention. 

FIG. 2 is a side view showing the laser 
wavelength conversion apparatus according to the first 
embodiment of the present invention. 

FIG. 3 is a sectional side view showing a laser 
wavelength conversion apparatus according to a second 
embodiment of the present invention. 

FIG. 4 is a sectional side view showing a laser 
wavelength conversion apparatus according to a third 
embodiment • of the present invention. 

FIG. 5 is a rear view showing the laser 
wavelength conversion apparatus according to the third 
embodiment of the present invention. 

FIG. 6 is a plan view showing a laser wavelength 
conversion apparatus according to a fourth embodiment 
of the present invention. 

FIG. 7 is a front view showing a laser wavelength 
conversion apparatus according to a fifth embodiment 
of the present invention. 

FIG. 8 is a front view showing a nonlinear 
optical crystal device used in a sixth embodiment of 
the present invention. 



FIG. 9 is a front view showing a conventional 
laser wavelength conversion apparatus. 



Best Mode for Carrying Out the Invention 

Embodiments of the present invention will be 
described in detail based on the accompanying 
drawings . 

<Fir s t Embodiment > 

A laser wavelength conversion apparatus 20 
according to a first embodiment of the present 
invention will be described with reference to FIG. 1, 
a front view (a view on the entrance end surface side) , 
and FIG 2, a side view. 

As shown in both drawings, a nonlinear optical 
crystal device 21 is inserted into and disposed in a 
central hole of a heat sink 22. The heat sink 22 is 
constituted by combining heat sink members 22a and 22b 
of an L-shaped cross section. The nonlinear optical 
crystal device 21 is coated, on its peripheral surface, 
with a silicon compound, and then inserted into the 
central hole of the heat sink 22. In other words, the 
peripheral surface of the nonlinear optical crystal 
device 21 is surrounded with the heat sink 22. The 
silicon compound is coated for the purposes of the 
effect of accommodating the thermal expansion of the 
nonlinear optical crystal device 21, and the effect 
of preventing the nonlinear optical crystal device 21 
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from slipping off. 

Cooling fins 23a extending vertically are 
formed on right and left side surfaces of the heat sink 
22, cooling fins 23b are formed on the top surface of 
the heat skin 22, and cooling fins 23c are formed on 
the bottom surface of the heat skink 22. 

A plurality of (8 in the present embodiment) 
cartridge heaters (heaters for uniform heating) 24 are 
arranged at equal intervals in the heat sink 22 in such 
a state as to surround the periphery of the nonlinear 
optical crystal device 21. The cartridge heaters 24 
are rod-shaped heaters, and they are arranged in such 
a state as to extend in the direction of the optical 
axis . These heaters are coated, on the peripheral 
surface thereof, with a silicon compound, and then 
inserted into holes formed in the heat sink 22. 

A thermocouple 25 is installed between the lower 
surface of the nonlinear optical crystal device 21 and 
the heat sink 22, and a detection signal on a 
temperature detected by the thermocouple 25 is 
transmitted to a heater controller 30. The heater 
controller 30 incorporates a thyristor control circuit 
for controlling the value of an electric current 
supplied to the cartridge heaters 24. The heater 
controller 30 controls the electric current supplied 
to the cartridge heater 24 so that the value of the 
detection signal on the temperature (i.e., the value 



11 



as the temperature) detected by the thermocouple 25 
will be a set value (set temperature) which imparts 
the best conversion efficiency to the nonlinear 
optical crystal device 21. As the temperature 
detection element, a resistance bulb or a thermistor, 
with a high accuracy of temperature detection, can be 
used in addition to the thermocouple. 

With the laser wavelength conversion apparatus 
20 in the above configuration, when laser light of a 
high repetition frequency enters the nonlinear optical 
crystal device 21 to raise the temperature of the 
nonlinear optical crystal device 21, the heater 
controller 30 cuts off the supply of the electric 
current to the cartridge heaters 24, stopping the heat 
generation of the cartridge heaters 24. At this time,, 
satisfactory cooling is performed by the cooling fins 
23a, 23b, 23c. Particularly, the cooling fins 23a on 
the right and left side surfaces extend vertically, 
and air heated by these cooling fins 23a goes upward 
naturally as an ascending air stream, so that effective 
cooling can be carried out by the cooling fins 23a. 
Furthermore, the cooling fins 23a and the cooling fins 
23b, 23c are perpendicular to each other. Thus, the 
heat release air stream from the cooling fins 23c does 
not. flow into the cooling fins 23a, while the heat 
release air stream from the cooling fins 23a does not 
flow into the cooling fins 23b, so that effective 
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cooling can take place. 

Consequently, even if laser light with a high 
repetition frequency enters the nonlinear optical 
crystal device 21 to increase the amount of heat 
generation, the temperature of the nonlinear optical 
crystal device 21 can be maintained at the set 
temperature, at which the conversion efficiency is the 
highest, by the cooling function of the cooling fins 
23a, 23b, 23c. Conversely, even if laser light of the 
maximum repetition frequency expected enters the 
nonlinear optical crystal device 21 to maximize the 
amount of heat generation, the amount of heat release 
by the cooling fins 23a, 23b,. 23c has been set so that 
the set temperature imparting the best conversion 
efficiency is not exceeded. 

If laser light admitted into the nonlinear 
optical crystal device 21 has a low repetition 
frequency, or if the energy of laser light entered is 
low, the temperature of the nonlinear optical crystal 
device 21 lowers, and the value of the temperature 
detection signal (i.e., the value o f temperature ) from 
the thermocouple 25 also decreases. 

At this time, the heater controller 30 increases 
the amount of the electric current supplied to the 
cartridge heaters 24. Moreover, the heater 
controller 30 thyri s tor-controls the amount of the 
electric current supplied to the cartridge heaters 24 
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so as to be able to maintain the set value (set 
temperature) at which the conversion efficiency is 
best for the nonlinear optical crystal device 21. 

Hence, even if the repetition frequency of laser 
light incident on the nonlinear optical crystal device 
21 is varied dynamically, the temperature of the 
nonlinear optical crystal device 21 can be maintained 
at the set temperature, at which the conversion 
efficiency is maximal, by heat elimination by the 
cooling fins 23a, 23b, 23c, or by heating with the 
cartridge heaters 24. 
<S econd Embodiment > 

A laser wavelength conversion apparatus 20A 
according to a second embodiment of the present 
invention will be described with reference to FIG. 3, 
a sectional side view. 

In the second embodiment, plate heaters 26a are 
arranged on the entrance end surface (left end surface 
in FIG . 3) of the heat sink 22 on which laser light 
is incident, while plate heaters 26b are arranged on 
the exit end surface (right end surface in FIG. 3) of 
the heat sink 22 from which laser light is delivered. 
A configuration for other portions is the same as in 
the First Embodiment illustrated in FIGS . 1 and 2 . The 
plate heaters 26a, 2 6b are heaters for axial 
temperature gradient correction, and their 
temperature control is exercised by the heater 
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controller 30 (see FIG. 1). 

According to the Second Embodiment, 
temperature control is performed such that when laser 
light is entered into the nonlinear optical crystal 
device 21, the amount of heat generation from the plate 
heaters 26a is greater than the amount of heat 
generation from the plate heaters 2 6b. Of course, the 
temperature control of the cartridge heaters 24 is also 
performed. As a result, the set temperature of the 
nonlinear optical crystal device 21 is adjusted to such 
a temperature that the conversion efficiency is 
maximal . 

When laser light, especially, ultraviolet 
light of a short wavelength (generally 400 nm or less) , 
is delivered as converted light, the absorptivity of 
the nonlinear optical crystal device 21 increases, as 
compared with the converted light being visible light. 
The ultraviolet converted light resulting from 
wavelength conversion begins to occur at the entrance 
end surface of the nonlinear optical crystal device 
21, increases in the amount of conversion while 
advancing in the crystal, and reaches a maximum 
conversion at the exit end surface. That is, there is 
an increase in ultraviolet converted light along the 
direction of the optical axis of the nonlinear optical 
crystal device 21, and there is also an increase in 
the amount of absorption in the crystal. Thus, in the 
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absence of the plate heaters 26a, 26b, the temperature 
is low on the entrance end surface side and high on 
the exit end surface side, producing a temperature 
gradient (temperature nonuni f ormi ty ) along the 
direction of the optical axis. In the presence of such 
a temperature nonuni formity, the refractive index of 
the crystal changes, and the phase matching conditions 
are disturbed, thus lowering the conversion 
e f f i ci ency - 

According to the present embodiment, the amount 
of heat generation of the plate heaters 26a on the 
entrance end surface side is rendered larger than the 
amount of heat generation of the plate heaters 2 6b on 
the exit end surface side, whereby the above-described 
temperature gradient (temperature nonuni formity ) 
along the direction of the optical axis is eliminated. 
As a result, it becomes possible to suppress the 
decline in the conversion efficiency of the nonlinear 
optical crystal device 21. 

Instead of the plate heaters 26a, 26b, it is 
possible to embed the rod-shaped heaters in the 
entrance end surface and the exit end surface of the 
heat sink 22, or use a ribbon heater. 

It is essential, here, that heaters for 
eliminating the temperature gradient (temperature 
nonuni formity ) along the direction of the optical axis 
be provided on the entrance end surface and the exit 
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end surface of the heat sink 22 in addition to the 
cartridge heaters 24 for uniformly heating the 
nonlinear optical crystal device 21. 
< Third Embodiment > 

A laser wavelength conversion apparatus 20B 
according to a third embodiment of the present 
invention will be described with reference to FIG. 4, 
a sectional side view, and FIG. 5, a view as viewed 
from the exit end surface side. 

According to the third embodiment, a loop gas 
pipe 27 of a loop shape is disposed on the exit end 
surface side of a nonlinear optical crystal device 21. 
The loop gas pipe 27 is disposed in a state surrounding 
the exit end surface of the nonlinear optical crystal 
device 21, and a plurality of jet ports 27a are arranged 
at equal intervals on the inner periphery of the loop 
gas pipe 27. The loop gas pipe 27 is supplied with an 
inert gas G, such as helium or nitrogen. The inert gas 
is jetted evenly from the jet ports 27a toward the 
surroundings of the exit end surface of the nonlinear 
optical crystal device 21 to cool the exit end surface 
side of the nonlinear optical crystal device 21 evenly. 
Thus, it becomes possible to eliminate the temperature 
gradient (temperature nonuni f ormi ty ) along the 
direction of the optical axis of the nonlinear optical 
crystal device 21, thereby suppressing the decrease 
in the conversion efficiency. 
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<Fourth Embodiments 

A laser wavelength conversion apparatus 20C 
according to a fourth embodiment of the present 
invention will be described with reference to FIG. 6, 
a plan view. In the present embodiment, cooling fins 
23a-l provided on the right and left side surfaces of 
a heat sink 22 become longer from the entrance end 
surface side toward the exit end surface side. That 
is, the heat release ability on the exit end surface 
side is increased. Thus, the temperature gradient 
(temperature nonunif ormity ) along the direction of the 
optical axis of the nonlinear optical crystal device 
21 can be eliminated to improve the conversion 
e f f i ci ency . 
<Fifth. Embodiment> 

A laser wavelength conversion apparatus 20D 
according to a fifth embodiment of the present 
invention will be described with reference to FIG. 7, 
a front view. In this embodiment, a film-shaped heater 
28 is employed as a heater for uniform heating, and 
no cartridge heater 24 is used. The film-shaped heater 
28 is disposed in a state surrounding the outer 
peripheral surface of a heat sink 22, and its 
temperature is regulated by a heater controller 30. 
The configuration of other portions is the same as in 
the First Embodiment. The film-shaped heater 28 can 
uniformly raise the temperature of the heat sink 22, 
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accordingly, nonlinear optical crystal device 21. 
<S ix th Embodiment > 

Next, a nonlinear optical crystal device 21A for 
use in a laser wavelength conversion apparatus 
according to a sixth embodiment of the present 
invention will be described with reference to FIG. 8. 
As shown in FIG. 8, the nonlinear optical crystal 
device 2 1 A is divided into two parts midway along the 
axial direction, and is constituted by connecting the 
resulting two nonlinear optical crystal devices 21A-1 
and 21 A- 2. By so adopting a divided configuration, it 
becomes possible to decrease the temperature gradient 
(temperature nonuni f ormi ty ) in the direction of the 
optical axis and curtail the decrease in the conversion 
ef f iciency . 

In this case, an anti-reflection coating for the 
incident laser light wavelength and the converted 
wavelength is applied to the entrance end surface and 
exit end surface of each of the nonlinear optical 
crystal devices 21A-1 and 21A-2, whereby losses can 
be decreased. 

Moreover , the bonding end surfaces of the 
nonlinear optical crystal devices 21A-1 and 21A-2 are 
optically polished and bonded together, whereby 
reflection losses of incident laser light and 
converted light can be decreased. 

The nonlinear optical crystal device 21A can be 
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divided into two or more parts. 

Indus t rial Appl icabili ty 

According to the laser wavelength conversion 
apparatus of the present invention, as described above, 
when the repetition frequency of laser light is high, 
heating by the heater for uniform heating is stopped, 
whereby satisfactory cooling is performed by the heat 
sink having the cooling fins. As a result, the 
temperature of the wavelength conversion element can 
be brought to the set temperature at which the 
conversion efficiency is satisfactory. When the 
repetition frequency of laser light is low, on the 
other hand, heating by the heater for uniform heating 
is carried out, whereby the temperature of the 
wavelength conversion element can be brought to the 
set temperature at which the conversion efficiency is 
satisfactory. Consequently, always satisfactory 
wavelength conversion can be achieved, even when the 
frequency of incident laser light is varied 
dynamically . 
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